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Evidence of Linkage in a 
Hispanic Cohort with a Class III 
Dentofacial Phenotype
INTRODUCTION
C lass III malocclusion is a dentofacial phenotype characterized by negative anterior overjet (underbite), with a prevalence of 1-5% in the 
US (Proffit et al., 1998) and up to 23% in Asia (Susami et al., 1972; Tang, 
1994). If this is the result of a significant underlying skeletal dysplasia, the 
individual is said to have a ‘dentofacial deformity’ (Proffit and White, 1991). 
Dentofacial deformities are a major problem in the US, with 1-2% of the 
population having a jaw deformity severe enough to be handicapping, both 
functionally and socially (Proffit et al., 1998). About half of these individuals 
are affected severely enough that orthognathic surgery is the only treatment 
method (Proffit and White, 1991).
In comparison with Class I and Class II (relative mandibular deficiency) 
anteroposterior relationships, the Class III relationship occurs least frequently in 
the US, but is most often cited as being an inherited trait. Despite being the least 
common malocclusion, the Class III phenotype can be thought of as common 
when compared with other craniofacial disorders (i.e., cleft lip and palate). It is 
defined by a disproportionately larger mandible (mandibular prognathism) 
[OMIM #176700], a disproportionately smaller maxilla (maxillary deficiency), 
or a combination of both, and can occur either as part of a syndrome or as an 
isolated trait. The current diagnosis and treatment of the Class III phenotype are 
fraught with inconsistencies in the timing, duration, and type of treatment. To 
date, many investigations have focused largely on treatment modalities and 
outcomes, with little being accomplished toward an understanding of the etiol-
ogy of the Class III phenotype and the potential relationship between the genetic 
components or how genetic factors may influence the response to treatment.
Our rationale for investigating the genetic etiology of the Class III pheno-
type is logical, since considerable evidence exists to support this theory. Both 
human and animal studies have shown a significant genetic contribution in the 
development of the Class III phenotype. Human studies support an autosomal-
dominant mode of inheritance in two independent studies of the Class III 
phenotype (El-Gheriani et al., 2003; Cruz et al., 2008). Specifically, genome-
wide scan and linkage analysis of mandibular prognathism in Korean and 
Japanese persons revealed that there was a statistically significant, although 
nominal, linkage of the mandibular prognathic trait to 3 regions (Yamaguchi 
et al., 2005). Studies in mice also support the genetic basis of maxillary and 
mandibular size. Some investigators have used inbred mouse strains to 
confirm the hypothesis that the D12mit7 segment on mouse chromosome 
12 determines maxillary growth (Oh et al., 2007), while others applied 
Quantitative Trait Locus (QTL) studies in inbred mice to identify specific 
QTLs on mouse chromosomes 10 and 11 that are correlated with the antero-
posterior length of the mandible (Dohmoto et al., 2002).
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abstraCt
Despite the prevalence of craniofacial disorders, the 
genetic contribution remains poorly understood. 
Class III malocclusion represents a specific craniofa-
cial problem that can be handicapping, both function-
ally and socially. We hypothesized that the Class III 
phenotype is genetically linked to specific loci that 
regulate maxillary or mandibular growth. To deter-
mine the region linked to the Class III phenotype in 
four Hispanic families, we performed a genome-
wide scan and linkage analysis using 500 microsatel-
lite markers. Pedigree and linkage analyses revealed 
that the Class III phenotype (primarily maxillary 
deficiency) segregates in an autosomal-dominant 
manner, and that 5 loci (1p22.1, 3q26.2, 11q22, 
12q13.13, and 12q23) are suggestive of linkage. 
Candidate genes within the 12q23 region (ZLR=2.93) 
include IGF1, HOXC, and COL2A1. Chromosome 1 
results (ZLR=2.92) were similar to those reported 
previously in an Asian cohort with mandibular prog-
nathism, suggesting that a common upstream genetic 
element may be responsible for both mandibular 
prognathism and maxillary deficiency.
KEY WOrDs:  Class III phenotype, malocclu-
sion, dentofacial deformity, Hispanic.
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We have previously shown that several 
subtypes exist for the broadly defined Class III 
phenotype (Bui et al., 2006). In this report, 
we focus on a specific subtype occurring in 
a Hispanic cohort in an effort to increase our 
power to detect linkage and test our hypothesis 
that the Class III phenotype is genetically 
linked to specific loci that regulate maxillary or 
mandibular growth.
MATERIALS & METHODS
ascertainment of Families and Diagnosis
Approval for this study was granted by the Biomedical 
Institutional Review Board at the University of North 
Carolina at Chapel Hill and the Bioethics Committee 
of Universidad de Antioquia. Consent to participate in 
this study (including a release for dental records) was 
obtained from every adult participant or from a paren-
tal guardian in the case of minors. Through collabora-
tion with the Universidad de Antiouqia in Medellín, 
Colombia, individuals from Medellín were recruited 
based on the presence of the Class III phenotype in at 
least two family members. Through subsequent inter-
views, the pedigrees (Fig. 1) were extended, for a total 
of 57 individuals from four families (28 affected and 
29 unaffected). The age range was from 6 to 76 yrs, 
with an average age of 34.77 yrs. The family historian 
described the dentofacial phenotype for deceased indi-
viduals based on personal recollection. Forty-three 
individuals were available for pre-treatment clinical 
photographs, and panoramic and cephalometric radio-
graphs following the clinical evaluation described 
below.
Two independent orthodontic evaluators reviewed 
clinical photos and/or cephalometric records to deter-
mine inclusion as affected or unaffected. A positive 
diagnosis of the Class III phenotype was made for all 
available individuals based on the evaluation above, 
using clinical appearance and dental relationships. 
Specifically, diagnostic criteria included at least 2 of 
the following: determination of straight or concave 
facial profile, overjet ≤ 0, Angle’s Class III molar or 
cuspid relationship, the Wits appraisal (useful in 
describing the severity of an anteroposterior jaw dis-
crepancy without influence from the anterior cranial 
base angulation), or ANB angle ≤ 0 (Stellzig-Eisenhauer 
et al., 2002). The ANB angle represents the anteropos-
terior relationship of the maxilla to the mandible. 
Participants were excluded from the study if they had previous orthodontic 
treatment or any craniofacial anomalies (e.g., cleft lip/palate).
Cephalometric analysis
A cephalometric analysis was performed after lateral cephalometric radio-
graphs (taken in natural head position) were scanned and digitized by one 
investigator using Dolphin, version 9.0 (Dolphin Imaging Systems, 
Chatsworth, CA, USA) to determine the extent of the skeletal and/or den-
tal malocclusion. Sixty-seven cephalometric variables were selected and 
used for phenotypic characterization of the Class III phenotype. Among 
the measurements calculated (see Fig. 2 for selected measurements), 38 
were linear, 25 angular, and 4 proportional (Riolo et al., 1975).
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Figure 1. Pedigrees of four families showing segregation of the Class III phenotype as indicated 
by darkened (affected) circles or squares. Squares indicate male; circles indicate female; diago-
nal line indicates deceased.
The Method Error (ME) was calculated once all the cephalometric 
tracings were completed. Ten randomly selected cephalograms were 
traced and digitized on three occasions at two-week intervals by the 
same observer. The ME calculations were performed by the Intraclass 
Correlation (ICC) method (SPSS for Windows, version 14, Chicago, 
IL, USA).
Power Estimation
We calculated the power to detect linkage using the program SIMLINK 
in four Colombian families. Our calculation provided an expected LOD 
score greater than 1.0 individually (Family F3 provides an expected 
LOD score of 2.8), assuming an autosomal-dominant model with 
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incomplete penetrance and a sporadic rate of 0.05. We estimate a cumu-
lative expected LOD score of 2.9. We would have approximately 60% 
and 40% power to detect LODs of 2.0 and 3.0, respectively.
Genotyping and Linkage analysis
Extraction and purification of DNA were carried out in blood (PureGene 
kit, Gentra Systems, Minneapolis, MN, USA) or saliva with Oragene 
kits (DNA Genotek, San Diego, CA, USA) for all individuals in this 
study. Genotyping was carried out via an automated 4 cM genome-wide 
microsatellite repeat scan for 57 individuals in four families (Fig. 1) of 
Hispanic descent, with 546 microsatellite markers (deCODE Genetics, 
Reykjavik, Iceland). In these four families, the Class III diagnosis and 
therefore affection status were made based on assignment of a dichoto-
mous classification (i.e., Class III facial pattern or absence of Class III 
facial pattern). Because the definition of the Class III phenotype varies, 
linkage analyses were re-run with classifications based on maxillary/
mandibular differences larger than one standard deviation. Map dis-
tances were taken from the deCODE map based on human genome 
build 36 at NCBI. Parametric and non-parametric (model-free) 
multipoint linkage analyses (Whittemore et al., 2005) were performed 
for four families with Allegro software version 2.1 (Allegro Micro-
systems, Inc., Worcester, MA, USA). Non-parametric linkage (NPL) 
analysis was run to account for the possibility of alternate modes of 
inheritance. NPL has been described as a powerful approach compared 
with the commonly used parametric methods, and has been referred to as 
the method of choice for pedigree studies of complex traits (Kruglyak, 
1996). Since the literature strongly favors an autosomal-dominant inherit-
ance of the Class III trait (see above), and our pedigree analyses by 
inspection also suggested this pattern, we assumed an autosomal-domi-
nant inheritance with incomplete penetrance (97%) for the parametric 
analysis and an affected allele frequency of 0.0001. Calculations with 
marker allele frequencies were based on the allele frequencies generated 
from the Colombian families, since there were no allele frequency data 
for the Colombian/Hispanic population available in known databases. 
Linkage calculations were made at 1-cM intervals, and LOD scores were 
generated for both parametric and non-parametric analyses.
RESULTS
Phenotypic Characterization (Cephalometric analysis)
Cephalometric analysis (Fig. 2) of four families with a positive 
history of the Class III phenotype (where n = 41 with available 
cephalometric radiographs) showed that there was a tendency 
for one subphenotype to segregate within families. Specifically, 
we found that affected individuals from these families were 
maxillary-deficient (59.5%), with a normal or small mandible, 
when compared with normative cephalometric standards. This 
finding is an interesting contrast to reports from previous stud-
ies (El-Gheriani et al., 2003; Yamaguchi et al., 2005; Cruz et al., 
2008) that focused largely on the mandibular prognathic sub-
type. Although mandibular unit length was normal in most 
affected individuals (49%), the maxillary/mandibular difference 
(measured in millimeters) was significantly increased in 20 
individuals (48.7%) classified with maxillary/mandibular dif-
ferences greater than normal, confirming the anteroposterior 
discrepancy. Moreover, in 76.7% individuals, the anterior cra-
nial base (SN) was significantly smaller than normal, while the 
posterior cranial base was normal. Analysis of 43 cephalometric 
radiographs also revealed that 31 individuals (72%) were shown 
to have a decreased Wits number. This is particularly important 
in this cohort, since the anterior cranial base was greatly 
decreased in three out of four families (76.7%).
Genotyping and Linkage Mapping
Pedigree analysis by visual inspection suggested an autosomal-
dominant inheritance with incomplete penetrance. Non- 
parametric linkage analysis revealed that 5 loci (1p22.1, 3q26.2, 
11q22, 12q13.13, and 12q23) on 4 chromosomes were sugges-
tive of linkage (see Table), according to the criteria of an LOD 
threshold of 1.86 (Rao and Gu, 2001) for suggestive linkage in 
genome-wide linkage studies. We found that one locus identi-
fied in our report (Fig. 3), 1p22, is near previously reported loci, 
1p35 and 1p36, identified by sib-pair analysis of Japanese and 
Korean children with mandibular prognathism (Yamaguchi et al., 
2005). Although the previous study differed in ethnicity and sub-
type, our linkage resulted in ZLR and LOD scores that were 
slightly higher. We further identified candidate genes of biologic 
interest for 3 loci (11q22, 12q13.13, and 12q23) using bioinfor-
matic approaches (http://www.ncbi.nlm.nih.gov/projects/omim/ 
Homology/). This search revealed that human genes IGF1, 
HOXC, and COL2A1, respectively, are within these regions. 
HOX genes are believed to be pivotal in vertebrate craniofacial 
development. IGF1 is an excellent candidate gene known to 
Figure 2. Cephalometric tracing showing summary of selected linear 
and angular cephalometric measurements used in study. Co-ANS 
(mm), maxillary unit length; Co-Gn (mm), mandibular unit length; 
Co-Gn :: Co-ANS (mm), maxillary and mandibular difference; Go-Gn 
(mm), mandibular corpus length; S-N (mm), anteroposterior length of 
cranial base; ANS-Me (mm), lower facial height; Co-Go (mm), poste-
rior facial height; Wits (mm), length of distance AO-BO (AO, intersec-
tion between perpendicular line dropped from Point A and occlusal 
plane; BO, intersection between perpendicular line dropped from 
Point B and occlusal plane); ANB, anteroposterior relation of maxilla 
and mandible; SNA, anteroposterior maxillary position to anterior 
cranial plane; SNB, anteroposterior mandibular position to anterior 
cranial plane; SN to GoGn (angle 1), inclination of the frontal cranial 
base SN to mandible plate GoGn; SN to FH (angle 2), inclination of 
the frontal cranial base SN to Frankfort horizontal (FH) plane.
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influence body size in both mice and humans. COL2A1 gene (col-
lagen, type II, alpha 1) encodes type II collagen in cartilage. Our 
search revealed a potential candidate on chromosome 11, matrix 
metallopeptidase 13 or collagenase 3, but, based on the literature, 
we did not consider this a high-priority candidate gene.
DISCUSSION
While previous studies have contributed to our understanding 
of the inheritance of the Class III phenotype, there are still 
significant gaps in the knowledge of the specific genetic con-
tribution. In this report, we sought to define the Class III 
dentofacial phenotype in this Hispanic population in terms of 
its genetic and phenotypic profile. Analysis of our data sup-
ports that the Class III phenotype is an inherited trait, and that 
subphenotypes of the more broadly defined Class III tend to 
aggregate within the families studied. The craniofacial mor-
phology leading to a Class III phenotype is clearly more 
complex than the relative sizes of the maxilla and mandible. 
Nonetheless, as a simple measure of variation, we believed 
that these dimensions were most useful.
We further found that 5 loci—including the 
intervals 1p22, 3q26.2, 11q22, 12q13.13, and 
12q23—show evidence ‘suggestive’ of linkage 
based on previously defined criteria (Rao and 
Guo, 2001). Although heterogeneity is always a 
problem in the analysis of multiple families, the 
Colombian families of the Antiouquiam munici-
pality are from a population more genetically 
homogenous than the US population, and have 
been specifically noted to show minimal genetic 
stratification (Bedoya et al., 2006). Our results, 
taken collectively with previous reports, under-
score the fact that heterogeneity exists in the 
Class III phenotype, since different populations 
(Japanese/ Korean and Hispanic) reveal that dif-
fering subtypes of the Class III phenotype share 
linkage to loci on chromosome 1 (Yamaguchi 
et al., 2005). We speculate that this may point to a 
common upstream regulator that affects both maxillary and man-
dibular development.
Additional regions identified in this report include the 12q13 
and 12q23 regions that correlate positional candidate genes of 
interest, including the Homeobox region, HOX3, IGF1, and 
the COL2A1 gene. The Hox families of genes are highly con-
served master regulatory genes shown to play a definitive role 
in patterning the hindbrain and branchial regions of the develop-
ing head, up to and including structures derived from the second 
branchial arch. The HOX3 region contains at least 7 genes in a 
160-Kb stretch of DNA, including Hoxc4, Hoxc5, Hoxc6, 
Hoxc8, Hoxc9, Hoxc10, Hoxc11, Hoxc12, and Hoxc13 (Trainor 
and Krumlauf, 2000). The COL2A1 (collagen, type II, alpha 1) 
gene, located between positions 12q13.11 and 12q13.2, encodes 
the alpha-1 chain of type II collagen found in cartilage. Previous 
studies in mice point to the rhizomelic effect of Col2A1 muta-
tions in overall somatic growth, but also confirm the importance 
of Col2A1 in craniofacial growth (Garofalo et al., 1991).
An additional candidate gene of biologic interest, IGF1, was 
identified in the 12q23 region. It is an excellent candidate gene 
table. Multi-point Linkage Results from Parametric and Non-parametric Linkage Analysis Reveal that Regions on Chromosomes 
1p, 12, and 3q are Suggestive of Linkage
Locus* Marker Position from pter (cM) LOD ZLR Parametric (p)/Non-parametric (npl)
1p22.1 D1S2865 114.2 1.8554 2.92 p
1p22.2 D1S435 117.7 1.6382 2.74 npl
3q26.2 D3S3041 178.3 1.9136 2.97 npl
11q22.2-q22.3 D11s1886 105.6 1.9960 3.03 P
 D11s4206  108.7 1.8377 2.90 P
12q23 D12s1613 121.5 1.6971 2.79 P
 D12s1583 124.7 1.8730 2.93 P
 D12s354 130.9 1.8412 2.91 P
 D12s369 131.6 1.8355 2.91 P
12q13.13 D12S368 68.0 1.7820 2.70 np
* Locus refers to map position as identified by Marker. Map position is indicated in centiMorgans from pter of chromosome. LOD denotes 
logarithm (base 10) of odds. ZLR refers to the maximum likelihood ratio z-score.
Figure 3. Non-parametric linkage results of chromosome 1 for four families with an 
autosomal-dominant Class III trait. Y axis indicates LOD score; X-axis indicates map posi-
tion in centi-Morgan (cM); microsatellite markers are indicated above the peak tracing.
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known to influence body size in both mice and humans (Baker 
et al., 1993; Woods et al., 1996). This is a logical candidate 
gene, because the GH/GHR/IGF1 system plays an important 
role in skeletal growth and the development (Sjogren et al., 
2000) of body size in mice and humans (Sutter et al., 2007). 
More specifically, IGF1 receptors are found in the fibrous 
articular surface of the temporomandibular joint condyle 
(Visnapuu et al., 2001), while GHR SNPs are associated with 
mandibular height in Chinese and Japanese populations 
(Yamaguchi et al., 2001; Zhou et al., 2005).
Finally, results from mouse studies of craniofacial growth sup-
port our findings that a region on chromosome 12 is biologically 
relevant to craniofacial development and may be linked to the 
Class III phenotype. In an SMXA recombinant inbred strain of 
mice, the positions of the mouse chromosome 10 and chromosome 
11 were determined to be responsible for mandibular length and 
corresponded to regions 12q21 and 2p13, respectively, in human 
chromosomes. These results suggest that the major gene(s) respon-
sible for mandibular length are located in these regions (Dohmoto 
et al., 2002). Of particular interest is region 12q21, which is very 
close to 12q22 and 12q23 identified in our study.
Progress in the craniofacial genetics field toward human genetic 
mapping of the Class III trait is gradual but limited. The improved 
annotation of genetic and physical maps offers great future poten-
tial for identifying genes associated with this trait. Future studies 
can make use of genotyping data from human and mouse studies to 
understand how morphological phenotypes segregate in families, 
and whether these subphenotypes are linked with specific major 
genes such as those in the GH/GHR/IGF-1 system.
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